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ABSTRACT

The origin of any significant fraction of meteorites from recent (less than
h-X_lO9 years ago) asteroidal collisions is shown to be unacceptable for the
following reasons: (1) the expected number of such objects falls short by four
orders of magnitude; (2) the ejection velocities of sizable fragments surviving
the shock of a collision is less than 100 m/sec, insufficient to produce any
significant orbital change; (3) higher velocities of some favourably placed frag-
ments, accelerated by the explosion gases and characteristic of lunar ray craters,
cannot occur because gaseous products cannot be significantly formed at the low-
velocity asteroidal collisions; (4) the orbital characteristics (especially the
large eccentricities) of meteorites are unlike those expected from asteroidal
fragments diverted to earth's space by Mars perturbations.

Some low-velocity (5 km/sec extraterrest yial) meteorites (probably tektites)
may be of lunar origin, but these cannot account for more than 0.2— 1.0% of all
meteorites which have a much higher average velocity (18 km/sec).

A planet collapsing from instabilities of solid state phase transitions cannot
cause meteorites to be ejected into space.

Only an origin from decaying comet nuclei can account for all the facts.

It is suggested that the meteorites have been produced in planetary ccllisions at
a time when the giant planets (Jupiter) were formed. They were then imbedded in
the ices of comet nuclei, which were subsequently ejegted to Qort's sphere of
comets. As the result of an interplay of stellar and planetary (Jupiter) per-
turbaticons, some nuclel are now returning to the inner solar system. After
evaporation of the ices the enclosed meteorites are released. The total mass of
debris from the periodic comets alone is amply sufficient not only to account for
the meteorites, but also to contribute a considerable fraction of the much larger
total mass of interplanetary dust.

The absence of meteoritic objects from some meteor showers (Perseids) and
their occurrence in others (Southern Taurids, from Encke's Comet) can be well
explained by the circumstances of Jet ejection of the particles competing with

the gravitation of the nucleus.



There cannot be shock heating of ejected sizable meteoric bodies during
collisions = those fragments which are heated and ejected are inevitably pulverized,
while those ejected with sizable dimensions cannot have been significantly heated.
Ultra-high shock can produce compaction heating and crystal transformation by
all-sided compression, but the mass of sizable fragments so affected is very small
and the surviving fragments are prevented from leaving the seat of impact with
considerable velocities. The crowding of the helium retention ages of hypersthenes
around an apparent value offi)(lQS years cannot be explained by shock heating
during a collisional event which héppened at that time. They are rather an indi-
cation of the breakup of giant "sun-grazing' comets whose meteoritic material was
shocked at the dawn of the solar system and is able to\retain firmly only 12% of
the helium, the rest being lost during the cosmic-ray exposure phase. The mete-
oritic debris could have continued on the original orbit for some 106 years,
being heated in repeated perihelion passages until dispersed by planetary

perturbations.
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1. Asteroidal Origin

i

The origin of those centimetre to metre size stony and nickel-iron fragments
of interplanetary stray bedies which, after surviving the passage through the
terrestrial atmosphere, are now preserved in the museums, is at present most com-
monly ascribed to the asteroidal belt. Undoubtedly asteroilds do collide and frag-
ments of all sizes are produced there; these by way of orbital change, could then
be diverted to the earth's space. As the main diverting agent, perturbations of
the orbital elements of the fragments in repeated close encounters with Mars has
been rightly postulated; tThese augment the relatively small peculiar veloccities
created in a collision and change the direction of the encounter velocity vector
U (Jacobian velocity in a frame rotating with the circular orbital motion at
heligcentric distance r but outside the sphere of action of a planet) so that
earth crossing becomes possible. Within intervals of 50,000 w 100,000 years
the secular motion (usually advance) of the argument of perihelion (angular dis-
tance of perihelion from node) then makes collisions with the earth possible,
although originally the deflected orbit may not intersect the path of the earth
but only interlock ("cross"). The mechanism leading to orbital change and
collisions of stray bodies in close encounters (within the sphere of action)
with the planets is one of straightforward celestial mechanics and probability
calculus and has been treated consecutively in more and more detail by this
writer (§3£§F 1« 14): the theory of formation and ejection of fragments in hyper-
velioclty collisions offers a supporting branch; also developed by the writer
(Refs. 5-—8), though on less precise lines but, within a margin of 10-20% in
the numerical results fully verified by experiment.

The collision and deflection encounter cross sections strongly depend on
U (for small values nearly as U™ and Umu} respectively) which is an invariant
in encounters with a planet in circular orbit (Jacobi integral) but is accelerated
in repeated encounters with a planet in an elliptical and/or precessing orbit.
The acceleration, an equipartition effect similar to the Fermi mechanism for cos-
mis rays, was overlooked by 6pik but empirically discovered by Arnold (Ref. 9) in

i

1

Monte Carlo calculations or "experiments"; post factum, Opik derived for it a simple

statistical-mechanical expression (Ref. L4). Within the sampling error of the
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Monte Carlo calculations, the theory of encounter probabllities as amended to
account for the variable orbital elements, and the theory of acceleration of the
encounter velocity are empirically confirmed and can be firmly used without recourse
to, and with greater confidence and less labour than, the Monte Carlo method (Ref.10).
In any case, there is no difference of principle in the two methods of approach;
the theoretical one, with a clear insight into the causes and consequences, and
not affected by the sampling errcrs of a finite number of Monte Carlo numerical
experiments, is to be preferred.

Although some meteorites undoubtedly may arrive from the asteroidal belt,
their relative number must be negligible, and this for several reasons, each of
which carrying considerable weight while in their complexity they seem definitely

to exclude this source as a noticeable contributor.
2. Predicted Numbers
m

From a synthesis of observational data pertaining to the stray bodies moving
in the earth's vicinity and either seen from a distance, or entering the earth's
atmosphere and even striking the ground in cratering events, this writer has de-
rived a probable distribution of their sizes (Ref. 6, p. 35). Selection factors
have been carefully considered, and the author feels that the data are preferable
to many other compilations of this sort which may have lacked a similar exhaustive-
ness of approach. As a check, the predicted fluxes agree with the observed numbers
of craters on the lunar surface within the diameter range from 20 m to 5 km better
than to a factor of 2 (Biif 8). Over the size range we are interested in the
meteorite flux can be represented as a superposition of three component popula-
tions distinguished by their orbital characteristics and having different popula-

tion exponents, p, as defined by

av = Cx Pax (1)
where dN is the number (either per unit of volume, or a flux per unit of time

and area) within limits of x to x + dx of the equivalent radius (or diameter)
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of the particles. These components are: the "Apollo" group of apparent asteroids
(to be identified with extinct comet nuclei) crossing the earth's orbit whose

numbers for the smaller sizes merge into the bona fide meteorites (50 cm to 8 m

diameter), with p = 3.7; the nuclei of "live" comets, i.e., those which have not
exhausted thelr store of ices and whose evaporation products produce the charac-
teristic gaseous envelopes and tails of comets (their dimensions are evaluated to
about 30-50% reliability from photometric and physical data, cf.Refs. 3, 11, 12)
with p = 3.2; and the sstercidal population around Mars, deflected by Mars per-
turbations in close approaches to earth crossings, with p = 2.6. The numbers for
the latter group were calculated from the theory of gravitational encounters, on
the basis of the observed asteroidal population in Mars crossings. The numbers
in the first two grouips are derived directly from observational data, duly allow-
ing for selection effects. The relative numbers to different diameter limits of

the three components are given in Table 1.

Table 1. Relative Cumulative Fluxes upon Earth of Stray Bodiles
(Apollo + meteorite group taken as unity)(mostly extrapolated)

Diameter lower

limit, metres 2100 520 130 40 10 2.5
Comet nuclei 3,3 1.5 0. 64 0.36 0.18 0.09
Mars asteroids 0.30 0. 07 0,014 0. 00k 0. 001 leo'l*'

Although the Mars asteroids deflected to earth are conspicuous among bodies
of kilometre size and larger, thelr predicted numbers in the meteorite range be-
come vanishingly small as compared to the actual observed number which is covered
by the Apollo-meteorite group, taken as unity in the Table. Mars asteroids are
not expected to contribute significantly to the meteorite population unless their
population exponent. for smaller members considerably exceeds the value of p = 2.6

for the largest observable members of this group.
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3. Ejection Velocity of Fragments

It has been suggested that the velocities imparted to the fragments of an
asteroidal collision may produce orbital changes which make it easier for them
to penetrate inwards toward terrestrial space which otherwise is forbidden to
bona fide asterolds, on account of their small orbital eccentricities. To bring
the perihelion of a fragment from a typical asteroid of the main population
(a = 2.8 astron., units) into crossing with the orbit of the earth, a backward
directed ejection velocity of L-5 km/sec is required. Instead of one step, the
fragment may be brought into contact with the outer fringe of the Martian orbit
(1067anu°) through a retro ejection velocity of 2.5 km/sec; Martian perturbations
would than take over as a second step, to medify the orbit in such a manner that
earth crossing can be achieved. This would increase the predicted number of small
fragments in Martian space, above the numbers in the last line of Table 1 which
were extrapolated from the observable members of the Martian family which are
much larger than the meteoritic fragments—= the hypotetical unobservable component
of the Martian asteroidal population.

Against 34 listed Martian asteroids there are nearly 2000, or 60 times more
asteroclds of the main belt in the catalogues. There 1s an observational selection
factor in favour of the Martian asteroids due to their nearness which, roughly,

can be set equal to

(3 - D)/(ay - 2] 7 :

where a8 == 1 1s the geocentric distance at opposition and p is the population
exponenta Tthe same as in Eaq. (l)) an integration of which yields p= 1 &g the

"population index" for cumulative numbers. With a_ = 2.8, a_ = 1.5 a.u., p = 2.6,

the factor becomes 8 and the upper limit of enhanciment of tie supply of small
fragments is then 60 x 8 = 480, The last figure in Table 1 becomes then 2 x lOwu}K
480 = 0.1, or still insufficient by a factor of 10, to account for the actual flux
of meteorites at x = 2.5 metres. The efficilency factor is undoubtedly grossly

exaggerated, and the insufficiency of the Martian perturbations in providing the
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meteorite flux at the earth appears to be difficult to refute, even when the entire
asteroid population is somehow made an efficient source replenishing Martian space.
Actually, however, the mechanism of cratering at collision does not leave
such a loophole of extra supply from the main asteroidal belt.
In cratering events, two types of fragmentation and ejection are operative
(BEEEJ 6, 7, and especially 8). The main mass of ejecta comes from the rock tar-
get shattered by an inelastic inertial shock wave, expanding radially from the
region of impact ("central funnel"), inside a volume over which the rock is unable
to accommodate vibrationally the energy of the shock. If y is the fractional
mass inside the excavated volume (y = O at the centre and 1 at the periphery of
the crater; the contour is that of the shock wave front), the size of the frag-
ments (rocks at the periphery, dust or "rock flour" in the interior) is

x = OnOl'(DyB (2)

where D is the crater diameter (Ref. 8), and their average ejection velocity
at y is

L

v = 007)\(8/?)2/31 (3)

where ? = density, s = crushing strength of the rocky target and X is a cofficient
of elastic efficiency. For ordinary rocks, 8 = S))( 108 dyne/cmg, P = 2,6, A= 0.5
(experimentally; for granular targets ) = 0.%) and

v =6.5% 1,05;31—“l (em/sec) . | (4)

These equations, derived from first principles, lead to a freguency distribution

of the fragments with p = 3.875 [qu (1)}° Counts of particles on Luna 9 pictures
gave p = 3.9 + 0.2 (Ref. 13) and on Surveyor I p = 3.77 (Ref. 14}~ for the volume
distribution of particle sizes, a perfect confirmation (sarface distribution of the

fragments was actually counted; this is ruled by the exponent p - 1).
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As an example, for a crater of 1 km diameter, fragments of x:> 50 cm require
y >>O°6h and v < 100 m/sec. This is absolutely insignificant and in no way can
help to expand noticeably the store of fragments in Martian space at the expense
of the asteroidal belt.

Another type of eJjection depends on the formation and explosion of gaseous
products near the point of impact. Some blocks of considerable dimensions,
broken off the surface layers of the crater; can be carried along and accelerated
by the wvapour jet without excessive pressure, by way of gradual acceleration along
a "runway" of the order of the depth of the crater. The larger the crater, the
larger the fragments that can be accelerated to a certain velocity without being
demolished (Bgi, 7). Vaporization requires a high kinetic energy at impact, and
only high-velocity collisions can yield such an effect. The ray craters on the
moon are apparently examples of such events; from an application of cratering
theory to certain craterlets on telescopic and Ranger VII photographs, inter-
preted as being produced by secondary ray ejecta, the following estimates
(Table 2) of size and strength of the ejected "boulders" (not surviving the
impact) are made (Ref. 8); the velocities can be calculated almost unambiguously

from the distance of flight, an angle of h5o for ejection being assumed.

Table 2. Ray Crater Ejecta on the Moon

Parent Crater Bulliialdus Tycho Tycho Copernicus Copernicus
Flight Distance, km 236 1046 1050 150 590
Velocity, km/sec 0. 60 1.16 1.16 0.48 0.9k
Secondary Craters,

Aver. Diam. km 1.9k 1.02 1.3%6 6.0 3,0

Ejected Projectile
Diam., km 0.80 0.25 0.3%2 2.5 1.03

Strenggh of Ejgcta,

5,10 dyne/cm 6 5 7.5 8 13
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These estimated velocitiles hardly exceed 1 km/sec, but 1t is possible that
up to 2.5 km/sec can be attained by small fragments, if tektites are of lunar
origin; it is indeed likely that some lunar ejecta actually are falling on earth,
as the frequency distribution of meteor velocitles seems to imply. At meteorite
dimensions the fraction of such high velocity objects may be about Ou2% (BgzolO),
or less than 0.1% of the material currently crushed in lunar cratering events.

A similar proportion may be expected in asteroldal ccllisions if vaporization
occurs. This is too small a fraction to be reckoned with as a significant
source of material entering the Martian space from outside, to compare with the
indigenous population of Martian asteroids included in Table 1.

Moreover, the high-velocity ray crater ejecta require production of hot
expanding gas. At an encounter velocity of 5 km/sec of two asteroids, the
primary seat of impact, the "central funnel", becomes thoroughly mixed (Ref. 6);
its mass 1s about 25 times that of the projectile, and the average heat developed
in the funnel is

3(5 x 105)2/25 =5 x 109 erg/gram .

This equals about 6% of the amount required for vaporization, and one-quarter

of the heat needed for fusion. Significant amounts of vapours cannot be formed,
and the mechanism for the high-velocity "ray crater" ejecta does not work in the
low-velocity asteroidal collisions.

Only solid fragments with a velocity of the order of 100 m/sec are ejected;
the collisional ejection mechanism is utterly unable to feed the debris from the
asteroidal belt into Martian space. The vanishingly small figures of Table‘l
for the share of Martian asteroids in the meteoritic population thus remain valid.

As to production of small fragments by collisions of)or‘with)the Martian
asteroids themselves, their populaticn is too small and collisiongtoo rare to
affect the distribution of fragment sizes to any significant degree. For these
debris, Mars is the main collisiocnal risk, yet no fragments of a collision could
escape from the gravitational field of the planet. Those which survive the colli-
sional fate, are — slowly but surelys— led by perturbation tc earth or Jupiter
crossings and eliminated there much sooner than mutual collisions between them-

selves come into effect.
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Yk, Orbital Characteristics

The statistics of true meteorite orbits is very ihcomplete because of the
impossibility of having pre~arranged observations. The existing evidence shows
that, with high eccentricities (e), and with inclinations (i) that are too small
from the standpoint of eguipartition of the components of encounter velocity
(Ref. 10), they fall on the other side of the bright meteors and Apollo group
objects with more or less equipartitioned components, as compared to the Martian
and Belt Asteroids which have too small an average eccentricity for their incli-
nations. These two basic groups are definitely non-equipartitioned. However,
if the meteorites are thrown into terrestrial space by Martian perturbations,
in this process equipartition of e and 1 will be approached automatically, so
that in this respect the criterion of eguipartition is not very stringent. More
important is the absence of equipartition among the Martian asterocids which indi-
cates the insignificance of the perturbations over the age of the solar system.
Cutoff of large eccentricities by earth and Jupiter crossings is undoubtedly also
a factor here.

The most important orbital criterion 1s the Jacoblan encounter velocity,

U, given by

Ue =3 - 1/A - 2[%(1 - egﬂ %cosij (5)

in units of the circular velocity at heliocentric distance r, with A = a/r, a
being the semi-major axis of the particle’s orbit. When r is the mean heliocen-
tric distance of a planet in circular orbit, U is an invariant in consecutive
encounters with that planet. For crossings with different planets, U somewhat
varies but not very much; thus, for the 10 members of the Apollo group all con-
tained inside Jupiter's orbit (Comet Wilson-Harrington being excluded, as its
preliminary orbit used in Ref. 3 turned out to be incorrect and the object is
crossing Jupiter's orbit, comprised between aphelion of 5.60 and perihelion of
1.59 a.u., Ref. 15) the average with respect to earth is Ue = 0.705, and with
respect to Mars U = 0.706 (cf. also Table 6), Generally, the difference of

this parameter between earth and Mars crossings can be found from Equation (5)
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and is given by

e

1
U° Um2 = 0.524/a - 00580E,(1 - eej%osL (6)

For small inclinations, as 1s actually the case for almost all these objects,
Ue<<[%f Thus, at 1 = 0, a = 2, e = 0.5, or for a grazing approach to earth,

U, = 0.505, U, = 0.22h. At & = 1.262, e = 0.208, i = 25°.4, U = 0.426 (the
average for Martian asteroids), U, = 0.468, thus a slight increase in this very
extreme case. The non-circularity and precession of the Martian orbit (around the

invariable plane of the solar system) will introduce an acceleration of

A@xﬁ = +0.0109

per "full accumulated deflection” (of 900)(525 4)., From the encounter tables
(Table 2, Ref. 3), at U = 0.4k« 0.5 it takes an average of l/@earth = 2,8 full
encounters per one deflection to earth crossing, or an acceleration Um%)=
+0.0306 at entering earth's space (unless the asteroid is eliminated by colli-
sion with Mars). In earth space, a further acceleration by earth,

A Ueg = +0, 0025

per full deflection is added. However, the elimination rate in earth space is
high and allows only one full deflection to be achieved. Hence, from the
acceleration mechanism, Mars asteroids diverted to earth space will show a total
increase

Ue'g---’-Um2 = +0, 0331, -
For U = 0.4 and 0.5, respectively (as the actual values are running), U, =
0. 440 and 0.5%3, respectively, could result. The average for the Martian
asteroids is 0.426, and an increase from acceleration to about 0.47 should be
counterbalanced by the decrease according to Equation (6). The U-parameters of
deflected Martian asteroids should be more or less equal in Martian and terres-

trial space and stay around an average of about 0.45, well below the averages for

the Apollo group (n = 10, 0.70), the Superschmidt bright meteors moving inside
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Jupiter's orbit (n = 891, U 0059), and the small sample of somewhat uncertain
meteorite orbits (n = 13, U = 0.525)(Ref. 10, also Table 6 below). Most probably,
the meteorites must be placed between the Superschmidt and Apollo groups, both
with well determined orbital parameters, and their true average U value may be
higher than indicated by their poor orbital data.

Selection effects must strongly enhance this conclusion. The encounter cross
sectlon for angular deflection and orbital change is essentially proportional
to U‘h'(gggiu 3 and 4), and the influx of Martian asteroids into terrestrial
space (terrestrial crossings), to a fluctuating factor of the order of unity, must
be proportional to this cross section. A further factor, JE (Egin 3, Table T),
or the probability that the object which escapes physical collision with Mars,
will enter into terrestrial crossing, must be added; this slowly increases with
increasing U. A strong bias toward small U- values for the objects deflected
from Mars to earth crossings results, and the average U- value for the flux of

Martian objects intercepted by the earth (not surviving in space) must be much

lower than the Martian average of 0.426. Indeed, from Monte Carlo calculations
Arnold arrives at an average of U = 0.252 for this class of obJjects. The actual
elements for the 34 listed Martian asteroids (EEE} 3, Table 7) provide even a
better direct estimate of this average. Those deflected to earth space and sur-
viving the chances of physical collisions must have undergone 2 sufficient number
of equipartitioning encounters with Mars, so that for them the statistical average
of the deflection probability per revolution for randomly varying orbital elements

can be used (Refs.]( and 4)(except when U is very small):

b = 3¢ /U (7)

where ¢ is the effective target radius for angular deflection of 90° emyg is the
cross section). The influx into terrestrial crossings is proportional to pmJE
On the other hand, in space the lifetimes in terrestrial @?e) and Martian @Zn)
crossings will be in a more or less constant ratio; the injection rate will be
proportional to Jﬁ?m‘l, the loss from terrestrial space proportional o ?%_l and,
in the balance when injection equals loss, the distribution of the U~ values of
the objects injected into terrestrial space and surviving there will closely copy

the distribution of the JE values of the parent Martian population. With & and
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JE taken from Ref. 3, Table 2, the original distribution of the U- values for
the Martian asterolds is transformed into probable distributions when injected

into terrestrial space as shown in Table 3.

Table 3. Probable Distribution of Peculiar Velocities (U) of Martian Asteroids

(unit of ¢~ is the mean heliocentric distance of the planet)

U (Mers or Earth) <0.190 0.190=0,249  0,250«0.298  0.299-0.391  0.392-~0, 449

Present number of

Mars crossings, n 0 7 L 0 7
Ig - 0. 247 0.296 - 0.362
s 2,10 units . 7.9h 5,42 - 0.630
pmylo‘lounits - 107. 37.% - 4. 50
n, = nJEpm - 185.0 4h, o 0 11.4
(terrestrial flux)

n, = nd, 0 1.73 1.18 0 2.54

(terrestrial space)

U {Mars or Earth) O.450-0, 499 0.500~0.549  0.600-0.699  0.700-1.006 Total Avgrage

Present number of

Mars crossings 1 L b 1 3L 0. h2b
Ig 0.375 0. 388 _ 0.398 0. 408 - -
2,107 Punits 0. %85 0,214 0,112 0.0%8 - -
pm,lo'lounits 2.43 1,17 0.52 0,13 - -

n, = lOlOnJEpm 6.4 1.8 0.8 0.1 249.5 0,249

(terrestrial flux)

10
n, = 10 nJE 2. 62 1.55 1.59 0. 41 11.62 0.k452
(terrestrial space)
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The expected average for terrestrial flux of Martian asteroids or meteorites
intercepted by the earth is U = 0.249, in good agreement with Arnold's Monte Carlo
experiments, but hopelessly differing from the averages for meteorites, U = 0.525,
(n = 1%) and for photographic sporadic meteors inside Jupiter's orbin, U = 0,589
(Smithsonian, n = 891) or 0.60% (Babadjanov, n = 25)(Ref. 10). In terrestrial
space, the expected average is U = 0.452, as compared to 0,704 for the ten ob-
Jects of the Apollo group w~e two values which it is virtually impossible to bridge
over by mechanical reasoning. Thus, from the expected rates of transfer (Table 1),
as well as from the average encounter velocities neither the meteorites, the photo-
graphic meteors inside Jupiter's orbit, ncr the Apollo objects can be derived from
the Martian asteroids in any appreciable proportion. Thelr parent population must
be sought among the short-periocd comets, captured by Juplter and whose orbits
have shrunk through a non-gravitational process {deceleration by evaporation Jjet)
so that they no longer cross the orbit of Jupiter and nc longer are endangered
by the presence of the giant planet. It is clear from the preceding that neither
the observed fluxes of meteorites nor their averasge orbital characteristics can
be reconciled with an origin from the Martian or the main-belt asteroids.

The virtual impossibility of accelerating the members of the Martian aster-
oidal population by Martian gravitational encounters to the observed meteoritic
velocities has led to a search of loopholes in the apgumentation. In a lecture
delivered at NASA, Greenbelt, on March 15, 1968, Professor Anders pointed out that
in a1l the theoretical and empirical models of orbital change, the accelerating
effect of Jupiter has not been considered, and that this could lead %o higher
velocities. Although this is true in a limited way, the loophole does not exist
and has been given proper consideration by 8pikn When the Martian asteroids,
induced to earth cressings, are also swinging over to Jupiter®’s orbit; they are
so rapidly eliminated by Jupiter (chiefly ejected from the solar system) that
at any time no significant proportion of them can stay in terrestrial space.

At U = O.4; the lifetime of objects in Jupiter crossings, according to Equation
(7) and Table 2 of Ref. 3, is 1.3 ® 10° orbital revolutions or 106 years, while
7

for those in purely earth crossings it is l;)( 10" revolutions or 108 years; hence
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there 1s an adverse factor of 10“2 for survival of those in Jupiter crossings,
and their number encountering the earth will not be more than one per cent of
the number if they were not crossing Juplter's orbit. In calculations of popu-
lation exchange as governed by orbital perturbations, this writer therefore made
the simplifying assumption that Jupiter crossing removes the cbject immediately,
s0 that there are no obJects of this kind to be considered; thus, 0% is assumed
instead of 1% for the fraction of Martian asteroids which are in Jupiter cross-
ings «= and this out of a total of 0002% of these objects expected in the
meteorite range (Table 1).

Moreover, objects in Jupiter crossings will not have much of a change to
be accelerated beyond the limit of ejection from the solar system, U = 22 = 1 =
0.4142. Calculations of acceleration versus survival from physical collisions
(532: 4, Table 7) can be extended to include the probability of ejection from

the solar system; the results for Jupiter crossings are given in Table L,

Table 4. Acceleration of Encounter Velocity (U, qum.s.) by Jupiter
versus Elimination by Collisions (U < 0.4142) and by Ejection
(U>0.4142) (£ = surviving fraction of the original population)

U 0.10 0.20 0. L0 0.50 0. 60
f 1.000 0,980 0.849 0.059 1.4 ¥ 1077

Obviously, even the insignificant fraction of the Martian asteroids which
at any time can stay in Jupiter crossings will not possess the high encounter
velocities == the very quality for which they have been hypothesized. Omission
of such objects from the statistics of small bodies in terrestrial space is

thus amply Jjustified.
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5. Lunar Origin
Pt = Sl

As pointed out in the preceding section, high-velocity interplanetary pro-
jectiles (chiefly comet nuclei and the Apollo-meteorite group) which are respon-
sible for the ray craters on the moon could cause the ejection of fragments from
cratering events with velocities in excess of 2.3 km/sec, the moon's escape
velocity. Only a small fraction of the cratering mass can be ejected in such
a manner. A previous estimate by the writer (BEE} 7), based on the survival
conditions of hard ffagments (cohesive strength of granite) accelerated above
the escape velocity over a "runway" equal to the depth of the crater, arrived
at an upper limit of one meteorite of lunar origin for each 100 meteorites of
100 cm diameter or larger, i.e. l% of the total; a further revision, showing
that only high-velocity comet nuclei having sufficient velocity could participate,
put the figure down to 0,2% as a theoretical prediction.

This figure has also been subject to observational test (Ref. L). ' Escaping
lunar ejecta will enter terrestrial interplanetary space with a low starting
Velocity'Uf\)O,lO(B km/sec) or less. In successive encounters with the earth,
acceleration competes with collisional elimination, so that at U = 0.20 about
30% survive, at U = 0.25 «=4,3%, at U = 0.30 = only 0.1%, etc. An average of
U= 0,17 or 5.1 km/sec is obtained for meteorites of lunar origin entering the
earth's atmosphere; an identical figure has been found from Monte Carlo experi-
ments (Egiu 9). This is very much lower than the average for meteors and meteorites
(this is the Jacobian velocity as taken outside the gravitational field of the
earth; at entering the sphere of action of the earth, or even before, the velocity
is of course increased by the terrestrial gravitational field). The freguency
of the 891 Smithsonian Super-Schmidt velocities (objects with aphelia < 4.1 a.u.)
(Eg;} 16) could be represented as the superposition of two Maxwellian distributions,
of 4O "lunar" objects with an average U- value of 0.170(5.1 km/sec), and 847
objects of an average velocity U = 17.5 km/sec° The presumably lunar objects
appear to represent thus hn5% of the meteors of the inner solar system (aphelion
<41 a.u.) or 1.6% of all observed Super-Schmidt meteors (n = 2529); allowing

for lesser luminous efficiency at lower velocity, it is found that among meteors
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of the order of 1 gram or 1 cm diameter the fraction of lunar ejecta returning
to earth from interplanetary space is about 552%. For meteorites pmu 3.7 [Fqua-
tion (12}, for lunar ejecta p ~3.9 (Ref. 8), so that in the 100 cm range the
ratio of lunar meteorites to all would decrease lOOO"2 = 2.5 times, leading to
about 1% of lunar ejecta among the meteorites proper. This figure is 5 times
higher but not very much in contradiction with the a priori estimate. Both
'—-—‘—‘ -
estimates point to a small, almost negligible fraction of lunar ejecta among

meteorites.

6. Meteorites from €@ollapse of a F&anet

e

This mode of origin, proposed by W. H. Ramsey (5220 17), visualizes a planet
collapsing inwards through phase transitions of silicates which become unstable
under high pressure. In such a case the earth's core is thought to consist of
molten silicates compressed into a metallic state, and not of molten nickel iron.
This proposition has been critically analysed by Bpik (Ref. 18). Even if there
were no iron core in the earth, the collapse of silicates in phase transitions
would release too little energy, to eject fragments from the earth's surface (by
a seismic shock) into space. A smaller planet, with smaller gravitation, could
let the fragments out &= but a small planet would never collapse, its internal
pressure being insufficient in this respect. And it is now practically certain
that the earth's core is molten metallic iron, not pressure-modified silicates.

As a source of meteorites, the idea must be rejected altogether.

7. Cometary Origin

While the asteroidal and lunar sources are inadequate to account for the
number and orbital characteristics of meteorites (as well as the bright meteors
of the photographic range), their orbits are similar to those of the periodic
comets, and to the objects of the Apollo grour {which in all appearance are ex-

tinct comet nuclei confined to the inner solar system inside Jupiter's orbit
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(Refs. 3, L, 105) as shown in Table 5 (U = Jacobian velocity, i = inclination,

e = eccentricity).

Table 5. Orbital Characteristics of the Small Bodies in Direct Motion and
with Aphelia less than 4.201 Astron. Units

(sin%l%) (sinife)

Group Number U av. ( fav. ) &av. pgg% ition

Bright photo-

graphic meteors 891 0.589 0.217 0.540 0. 402 0.377
Meteorites and

fireballs 13 0.525 0. 166 0.592 0.281 0.391
Apollo group 10 0. 70k 0.213 0, 627 0.340 0.357
Mars asteroids 3l 0. 426 0.279 0.376 0.7k2 0. 408
Asteroids of belt 1622 0.208 0.149 0. 14k 1.035 0. 437

The last column of the table contains the theoretical "equipartition ratio"
of inclination to eccentricity, corresponding to random or isotropic distribution
of the direction of the U - vector, such as would establish itself after a "full
gravitational encounter" or an average angular deflection of 90oa For the aster-
oids the observed ratio greatly exceeds the equipartition value; indicating too
small an eccentricity for given inclination; these objects could not have been
significantly influenced by gravitational encounters with Mars. For the meteoritic
groups equipartition is more nearly fulfilled; if of cometary origin, this must be
due to encounters with Jupiter which originally captured the parent comets into
the inner space of the solar system.

The main source of the meteorites must be sought in periodic comets, not
only because of the mutual similarity of their orbital elements, but also be-
cause 1n repeated short-period revolutions their contribution to the debris of
the inner solar system may considerably exceed that from the non-periodic, nearly
parabolic members of the cometary cloud surrounding the solar system. The so-

called asterolds of the Apollo group can be identified as nuclei of extinct
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periodic comets, trapped in the inner solar system for some 100 million years,
their dynamical elimination lifetime from collisions with, and close approach
perturbations by earth, Venus, Mars, and Mercury; the lifetime of their existence
as "live" comets, emitting gases to form the envelopes and tails, is determined
by solar radiation, the rate of evaporation, and the dimensions of the nucleil
and is in most cases less than th years. In the absence of erosion, the dyna-
mical lifetime is more than 10h times longer, so that the space inside Jupiter's
orbit must be filled with the remnants of lOu}‘=lO5 extinct comets, for each

live one. Most of the extinct comets must have dinintegrated completely, shed-
ding off dust simultaneously with the vapours, and sending out their meteoritic
inclusions when relieved from their icy conglomerate enclosure (Whipple's mix-
ture). Some among the hundreds of thousands of past comets may have been excep-
tionally large, leaving behind large extinct nucleil in the kilometre size range,
which now are identified as the Apocllo group "asteroids" — just a name without
prejudice to their structure or origin. Table 6 lists all the known objects of
this group, defined primarily by the condition that their aphelia are inside
Jupiter's orbit while crossing the orbit of the earth. Average or typilcal ele-
ments for the two other related groups of observed objects == the meteorites,

and the Super-Schmidt sporadic meteors with aphelia less than 4.10 a.u. (Ref. 16) —
are included. Regarding meteorites 1t must be noted that, because of their abla-
tion and destruction in the atmosphere, objects of low velocity are strongly
favoured by selection; to fireballs this selection effect does not apply, how-
ever, and the low relative velocities of this group cannot be explained in such
g manner alone. The group undoubtedly depicts a real, physically distinct

population, akin to the other groups.
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Members of the Apollo Group

Table 6.
Object Diameter
km

Comet Encke 1.7
(and S.Taurid

meteors)
Geminid

meteors .
Apollo 1.0
Adonis 1.3
Hermes 0.4
Icarus 1.k
1950 DA 1.3
Geographos 2.8
1948 OA 4.8
1948 EA 6.3
Average

Meteorites and
fireballs{n=13)

Sporadic meteors

(n = 891)

Aphelion
astron, un.

4.10

2.62
2.34
3.51
1.90
1.98
2.46
1.65
1.98
3.63

2.62

Averages for

3.07

2.12

*Harmonic mean of the lifetime,

Perihelion
astron. un.

0. 338

0,140
.65
0. kb
0. 68

O

0.19
0.84
0.83
0.777
0.89
0.58

Inclination
deg.

iz

2k

1.5

23
12
13
10
18

12.5

Related Groups

0.79

0. 63

9.5

12.5

u
earth

1.000

1.160
0,57k
0.856
0. 485
1.00k
0. 4h9
0. 382
0. 4h3
0. 696
0.705

0.525

0.589

Lifetime
10~ years

265

oL5
6l
68
59
165
272
152
185
1010

115*

49

25+
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Only one live comet - Comet Enckeasoccurs in the list of Table 6. Having
been captured by Jupiter from the "parabolic" background population perhaps a
few thousand years ago and diverted into a short-period orbit, its aphelion dis-
tance must have decreased through a non-gravitational process to its present value
of 4.1 a.u. The process can be identified as preferential emission of the evapora-~
tion products in a forward direction, possibly conditioned by the direction of
rotation of the comet nucleus being opposite to that of orbitalfevolution° The
delayed effect of solar heating (hottest at "2 p.m." instead of noon) then dis-
places the Jet of vapours asymmetrically in a forward direction. TLoss of orbi-
tal momentum, shortening of the orbital dimensions (chiefly of the aphelion as
for artificial satellites) and of the orbital period are a consequence; obser-
vations of this comet seem indeed to point to such a secular acceleration. The
process of evaporation and loss of the volatiles of the nucleus, running into
thousands of years, is short as compared to the dynamical lifetime in Jupiter
crossings (10~ years), so that a comet which has the required direction of ro-
tation and a sufficient store of volatiles to keep the "retro rocket" going
will easily escape from Juplter's immediate sphere of influence and its orbit
shrink into the safety of the inner solar system (Bgzio 19, 3).

Another "obJject", the Geminid meteor shower, is undoubtedly a recent product
of decay of/former "live" comet (_E;i_(::»_;t’_.° 19) though no parent comet or a nucleus is
known to exist on the orbit of the shower. The meteors have preserved their
identity as a "stream",; their accumulated angular deflections in close encounters
with the planets not exceeding + 0°.2 (Ref. 20); from the tables (Ref. 3), a full
angular deflection of i_QOO requires an accumulation period of 9.9 )(109 years,

and thus one of 0.2° requires (90/002)2 = 2 x 10° times less or 5 x 10 years¥*,

*The deviation of ipooz is that of the radiant points on the same night; much of
this could be caused by asymmetric drag in the atmosphere. Hence this is an upper
limit measure of accumulated planetary perturbations in close encounters. The
stream 1s stretching over 6 days which would imply angular deflections of + 305
these, however, cannot be identified with planetary perturbations which would
have produced similar deviations for one night; the conditions of separation
from the nucleus = jet acceleration and even radiation pressure « must in this
case be the cause.



- 22 -

An age of less than fifty thousant years can thus be assigned to this stream as
the time elapsed since the disintegration of 1ts parent comet. This is 5,000
times shorter than its expected lease of life in planetary encounters (2oh55)( 108
years) and implies that the dispersed remains of thousands of similar, more
ancient showers may circle the sun before they are swept away by the planets or
moved inwards by the Pgynting-Robertson effect (important, of course, only for
the finest dust particles).

A more powerful agent of removal of small meteors is seen in their sputter-
ing or ercsion by the micrometeorite contents of interplanetary space. This
amounts to a secular decrease in the diameters or individual masses of the par-
ticies. It must be noted that a former estimate of the rate of erosion of stony
meteorites (EEED 10) and based on cratering theory arrived at a somewhat exag-

1 dyne/cm2 equal to

gerated value, by assuming the cohesive strength ¢ =5 ¥ 10
that of large stones breaking up from aerodynamic pressure in the atmosphere.
These large stones are relatively weak structures, apparently shattered in a
primeval explosion or collision. Micrometeorites, however, when impinging on a
stone, are producing microscopic craterliets in the crystalline grains of the
mineral which have a much greater cchesive strength than the macroscopilc structure
of the stone. The strength varies as the inverse %th power of the linear dimen-
sion (Ref. 8), and for the minicraters of the order of 0.02 cm produced by micro-
meteorites it should be 6 times the value of 9 x 108 valid for test blocks of

20 cmy; s = 5K 109 or 100 times the formerly assumed value should be used in

this case. Erosion varies as the inverse square root of s (Refs. 6,7) and a
factor of one-tenth is thus introduced on this account. The former estimate,
referring to a velocity of 20 km/sec (Ref. 10, p. 330), should be decreased 10
times but, for the Geminids Qv = 35 km/sec) increased by the square of wvelocity
(momentum flux) and a "radial momentum" factor , 9uh/5,5; this leads to an ero-
sion rate about 2.5 times less than in Ref. 10, or to 5¢2)( 168;x 1720/205 =
2022)( lO_’5 gr/year per cm2 of the exposed surface. Thus, when the greater

strength at microscopic dimensions is taken into account (theoretically derived,

experimentally confirmed), at the velocity of the Geminids an interplanetary
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erosion rate results 80 times greater than the value of 257)(10—7 gram per year
as estimated for lunar exposed rocks (Ref. 8). With this, observational data on
the Geminids lead to another estimate of thelr length of unprotected sojourn in
interplanetary space. The Geminids, though believed to be denser than the aver-
age shower meteors, are still stony "dustballs" in the opinion of this writer,
as can be Jjudged from their heights of appearance and disappearance and their
spectra (cf. Ref. 20), with a bulk density of the meteoroid about O.7. At the
5th absolute magnitude and a velocity of 35 km/sec, the mass of a Geminid is
about 0.007 gr (Egio 21), which corresponds to a bulk volume of 0.0l Cm5 and a
diameter of the dustball of about 0.27 cm. Theilr numbers increase more or less
monotonously by a factor slightly greater than 2.5 per magnitude (Ref. 20) which
would correspond to p = 3.4 in Equation (1), but at the 5th magnitude the rate
falls off; this can be attributed to erosion having carried off about 13% of the
present diameter at the 5th magnitude, a layer of 0.018 cm or 0.013 gr/cm2 all
round. With the above mentioned interplanetary rate of erosion, the age of ex-

posure of these meteors becomes
O‘,OlB/z.,%x 10° = 600 years only!

This completely overrides the estimate based on perturbations. The Geminids

must have been exposed guite recently, possibly they are currently released from
a faint undiscovered comet nucleus. The conclusion seems thus to be warranted
that the Geminids are the remnants of a recent periodic comet which became ex-
tinct not more than a few thousand years ago. They "represent the last survivors
of a stream originated by a now evaporated comet, a stream whose older, lighter
meteors have been swept away" (Refs. 23, 19).

The Geminids yield hourly rates of about 50, referring in visual observations
to an area of about 3000 km2 in the atmosphere. With 0.02 gr per meteor, this
gives a flux of W0 X lO_lYgr/cmgosec, The diameter of the stream, 1.5 X 107 km,
gives a cross section of 2 )(]_Oghcm2 or a flux rate 2 X lO7 gram/sec. The period,
1.6 years or 5 )(‘lO7 seconds, then leads to a minimum mass of the debris circulat-

ing now on the Geminid orbit, 2% lO7 X 5 X ]_O7 = 1015 gram, with a lifetime of
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only about 5000 years (total erosion lifetime). The existence of a nucleus of

at least le= 2 km in diameter can be suspected.

8. Total Amount of Debris

S

For each live comet 1n terrestrial space, of an evaporation lifetime te

and removal lifetime to of the debris, there must have been released debris of

N =/t (9)

past extinct comets. For large bodies to is the dynamical lifetime,ﬁalog years,
and the ratio is then of the order of 107- 10  Some large residual nuclei of
extinct glant comets may still be orbiting as the "asteroidal" members of the

Apollo group (Table 6). Surviving from a total of some 10”

extinct comets, these
must be the remnants of truly exceptional obJjects; many smaller undiscovered
similar pseudo-asterolds, down to meteorite size, must be orbiting in our sur-
rounding space.

In general, to is the shorter of the three measures of lifetimet <¢he
dynamical, the erosion or sputtering, and the Pgpynting-Robertson or drag life-
time.

For typical meteorites in the 100 cm range, the erosion lifetime is the
shortest. At an average hellocentric velocity of 20 km/sec, the erosion rate
of meteoritic stone by micrometeorites of the zodiacal cloud is 3,2;X 1043)(
1720/10 = 5.5 X 10—6 gr/cm2 year or 1.6 X 10—6 cm/year; a radius of 50 cm will
be eroded in to =3 X lO7 years; this is 3 = 8 times shorter than the dynamical
lifetime.

The evaporation lifetime of a comet can be estimated from the evaporation

loss (Ref. 11) which can be expressed as a decrease in diameter per orbital

revolution,

Ax = 380a™%? (cm) (10)

where q is the perihelion distance in astronomical units. The lifetime is then
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= (/A% ) a2 (years) (11)

where X is the original diameter in cm and a the semi-major axis in astronomical

1.5

units (or a the period of orbital revolution in years).

Comet Encke, at present with X = 1.7 km, after original capture by Jupiter,
could have been placed into its present orbit inside Jupiter's orbit and at an
aphelion of 4,1 a,u. through the retro jet of its vapours by losing 7/8 of its
original mass (Ref. 3); hence X, = 3.4 km, g = 0.3%8, and t, = 1720 years (520
apparitions). Although this comet is the only one of its kind, the Geminid shower
implies that before its arrival there may have been another similar one, also
that there may be fainter objects not yet discovered, so that the injection rate
of this type of object into the inner solar system may amount to one for each
te = 2000 years; hence No = 15,000 would represent the probable number of parent
comets whose non-eroded meteoritic inclusions (o2 100 cm diameter) are still
present in our surroundings.

In addition, there are 52 listed short period comets of Jupiter's family
(32 repeatedly observed and 20 observed only once)(Ref. 24), with aphelia less
than 6.0 a.u.('crossing the orbit of Jupiteé)whose dynamical lifetime, tro lO6
years, 1s the shortest of the two other lifetimes. With qe~2 1.L a u. , X ~ 2,0 km,
and an orbital period of about 6 years, b, = 6000 years, N, = 10 /6000 170 per
comet or 170 X 52 = 8800 comets contributing to the meteorlte population. With
Encke's and the Geminids, this points to EEDQ);: 40,000 parent comets whose
meteoritic blocks are at present travelling Inside or near Jupiter's orbit.

-2k

The space density of this meteoritic material, about 10 in the earth'’s

25 gr/cm5 as an average inside Jupiter's orbit (with

a density distribution of the r—l type), corresponds to a total mass of

neighbourhood, or 3 X 10

3 ¥ 1072 X (LJr/3) (8)( 1015)5 63X 10 ol gram,

1{5)( lO15 gram per parent comet which amounts to 1.5% of the residual mass of
the Geminids or to 0.3% of the present mass of Encke's comet. Quantitatively,

there does not seem to be any difficulty in supplying the presently observed
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meteoritic material from decaying comets.

On the contrary, there 1s a large surplus, most of which goes into evapora-
tion losses and dust, the latter accounting perhaps for 50% of the loss. The
injection rate is thus: one type Encke comet, furnishingéB)(lOl gr dust per
1000 years, and 52 Jupiter family comets, yielding each about 22)( lO15 gr dust
per 6000 years. The yield from the two classes is of the same order of magnitude
and amounts to a total of 537;(1015 gram per year, thus drifting into the sun
by way of the Egynting-Robertson effect at a rate of about % tons per second.
This may be short by one order of magnitude of the usually estimated rate
'(Bgﬁo 19) but, then, there are the long-period and parabolic comets and other
possible sources of the dust which have not been taken into account. The masses
of the comets of Jupiter's family may be underestimated, and increasing theilr
average diameter to 4 km would yield the required amount of material. In any
case 1t is clear that the decay of periodic comets can yield a major fraction,
if not all the supply of zodiacal dust, and that as a potential source of
meteorites they may represent an adeguate source.

One of the stumbling blocks in considering a cometary origin of meteorites
was their absence from known showers. Showers such as the Perseids, rich in
"ordinary" visual meteors some of which are quite bright, exhibit a notorious
absence of fireballs and meteorites. There is, however, a natural explanation
of this fact. According to Whipple's realistic model of the comet nucleus (Bgé}
25), the solid contents released through evaporation of the ices are blown away
by the vapour Jjet. Gravitation competes with the jet pressure, and there is an
upper limit of particle size above which gravitation of the nucleus prevails and
the particle cannot be separated. At a density of 3.4 for the particle and 2.0
g@/cmi for the nucleus (Ref. 11), the limiting diameter 2a for separation is
given by (Bgio 10)

2a ¢ 17.3/(x*x) (cm) (12)

where r is the heliocentric distance in astronomical units and X the diameter
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of the nucleus in km. Thus, for the Perseids, r > 0.96 a.u., X = 13 km, 2a<

1.5 cm which just borders on fireball size (absolute magnitude -5, Ref. 21) but
is far below meteoritic dimensions (stony meteorites would not survive anyway

at the high velocity of the Perseids, almost 60 km/sec). dn the other hand, for
Encke's comet, r ;> 0.34 .a.u., X = 1.7km, 2a < 89cm which corresponds to sizable
meteorites; and, indeed, this very comet has apparently contributed to some mete-
orite falls, according to Astapovitch, Suess, and Whipple (cf. Ref. 10). A
shrinking comet nucleus may gradually release its meteoritic chunks, as soon as

its acceleration of gravity becomes small enough.

An apparent objection to the cometary origin of meteorites and support for
their asteroidal origin could be sought in the clustering of the He - U ages of
hypersthene chondrites, a numerously represented class of meteoritic stones,
around a value of 500 million years (Refs 26, 27, 28). Their lead isotopic ages
are normal (huS‘x 109 years), while their argon-potassium ages are partly normal,
partly short. The favorite interpretation is that some 500 million years ago an
asteroidal collision has caused shock heating of the metecritic debris which led
to outgassing of helium, and occasional outgassing of argon. Diffusion theory
requires for this perhaps a temperature in excess of 1.000° C, and even a time
span of 10° years would require +800° C (Anders, verbal communication).

There is a physical-logical flaw in this theory of shock heating. It is
guite true that hypervelocity shock may cause intense heating and that the
shock will also cause firagmentation into an entire spectrum of particle sizes.
However, considerable shock heating by asymmetrically applied pressure is in-
evitably accompanied by complete destruction-pulverization, even melting and
vaporization, of the material, while ejected sigzable surviving fragments can
be heated only negligibly, by the very nature of the elastic properties of a
solid. A stone under crushing (one-sided) stress such as required for ejection

cannot be compressed by more than 10% of its linear dimension without breaking;
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when § 1s the crushing strength, P the density, the work of non-destructive
one-sided compression is less than %19 . 0, l/P erg/gram or, with a high value
of s = 9)(108 dyne/cmz, p= 3.4, it amounts to less than 1.3 x lO7 erg/gram,
equivalent to heating by 1.6 deg C only; even this is chiefly stored as elas-
tic energy and not as heat.

From cratering theory, and in notations of Equations (2) and (3), in the
crushed volume of the crater the shock heating leads to a release of friction

heat, [?or notations, cf. Equation (55},

a=3%(s/p1 - % 22 (13)

erg per gram (Refs. 6, 7). For hard rock (type of gquartz), the crushing strength

as function of fragment diameter 2a (cm) can be represented as
s =2.5% 109(2a)“o"25 (14)

dyne/cmg, an interpolation formula supposedly valid down to molecular dimensionz
(Ref. 8). Setting)@ = 0.5, p = 2.6, the shock heating for specific heat & X 10
erg/gr.deg C, becomes

AT =52 (2a)" % (geq C), (15)

independent of projectile structure and its velocity and determined solely by

the size of the resulting fragments as shown in Table 7.

Table 7

Diameter of stony _ 5
fragments, cm 100 1 0.01 10 10”7

Average crushing
shock heating,deg C 16 52 165 520 940
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Clearly, shock heating to 1000°C of a meter size meteoritic chunk, ejected
from a crushed matrix (without all-sided compression), cannot be considered as
feasible, and this especially because meteoritic stones are of much lower strength
than assumed here (BEEB 29), probably because of some primeval shock which led to
their fragmentation. It may be added that the figures of Table T represent chiefly
friction heating on the surface of the surviving fragments, while internally the
heating from inelastic compression is much smaller, of the order of 1 - 2°¢ as
estimated earlier. Hence meteoritic stones, broken up by pressure shock in the
atmosphere, are known to have beenjcovered by a layer of ice when landing in a
ditchna~rthey(éometime§ presexrved their low temperature of interplanetary space.

These views may seem to be in conflict with the findings of Anders (Ref.26)

and Heymann (Ref. 28) that the short helium retention ages are correlated with
clearly marked shock effects. However, there hardly is any unresolvable contra-
diction. The shock apparently must have predated the heating and escape of helium;
a primeval collision, dating back to some 4.5 billion years, may have shattered
the rocky matrix, making it not only softer, as observed in meteorites essily
breaking up during descent in the atmosphere (Bgio 29), but rendering it more
permeable to helium (and partly also to argon), which escaped at the more recent
reheating.

Ancther objection to the general validity of the figures of Table 7 can be
seen in the fact that in terrestrisl meteor craters traces of heating and phase
transitions can be found that require pressures far in excess of the crushing
strength of the materials; and yet sizable blocks with these traces have sur~
vived. Here we are dealing with the effects of all-sided compression, of a
material which could not escape except by plastic flow; it must belong mostly
to the bottom and depths of the crater., Much of this material is still found
in situ, not being ejected; elastic after-effects, following the release of
pressure, may have caused cracking and mild " jumping" of some blocks which, how-
ever, did not travel very far. On the contrary, the fragments ejected with siz-

able velocities must have been subjected to one-sided crushing stresses, with
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free escape in one direction., Most of the debris of cratering comes from this
destructive crushing process, and only this seems to be able to send out = inde-
pendent meteorites Into space. The figures of Table 7 refer to the bulk of crater
ejecta. Hyperpressures (up to 8;(21011 dyne/cme, Ref. 28) leading to heating,
could have affected not more than 3% of the cratering mass (in proportion to the
inverse square root of pressure), and sizable fragments preserved from destruc-
tion by all-sided compression must account for less than one-half of this-— a

tiny fraction lost among the mass of "ordinary" fragments.

The hypothesis of a planetary collision which happened 500 million years
ago, involving asteroids or asteroidal fragments diverted to earth crossings by
Mars perturbations, has such formidable gquantitative and probability odds against
it that it cannot be readily accepted unless all other possibilities fail. Yet
this is by no means the case.

Hyperpressure shock may transform olivine (and other minerals) into a finely
polycrystalline structure (Refs. 28, 30). Different minerals and different size
crystals are formed whose gas retention abilities may be ﬁery different. If the
hypersthenes are survivors of such an all-sided shock which happened h,5:X 109
years ago, their short and nearly constant helium retention ages could be ex-
plained by assuming that about 12% of the shocked material kept helium firmly
while from the rest this gas was leaking out. The variable ages for argon can
then be explained by assuming that, in addition to the 12%, a variable proportion
of the remaining matrix was able to retain argon while being permeable to he\‘jliumo
The rapid loss of the gases from the permeable fraction of the matrix could have
taken place at a later stage, during the 30 + million years of cosmic-ray expo-
sure with occasional solar heating, after the fragments were released from the
cold icy environment of the comet nucleus. The helium retention age of 520 +
60 million years (Ref. 28) is then no timing lapdmark at all, but only reflects
the distribution of components of different permeability, with respect to gas
diffusion, in the shocked matrix., An age of 500 million years for the meteorites
themselves, with the estimated rate of space erosion, would imply that the

presently observed metre size obJects are the residue of a population of 10-20
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metre-size bodies. This would require an impossibly high wastage of meteoritic
mass and, what is a more crucial criterion, instead of Equation (1), a different
population formula, .

an = o(x + a) Pax = ¢)x Yax, (16)
where a is the ablation, or x + a the original radius. When a>> x as for an
age of 500 million years and p ~ 3.7 as for an original population of meteorites,

the apparent population exponent, g becomes small, approaching zero,

q-> p/(l+§)°

Thus, for x = 50 cm, a = h5§cm as for erosion over several hundred million years,
g=0.1p = 0,27, or the frequency of radli should run very flat and terminate
at a lower limit of complete erosion (x = 0). This is so much contrary to what
we know of the freguency of meteorite sizes that the suggestion must be rejected
as extremely improbable (for distribution of the weight of recovered hypersthene
fragments, cf. Heymann, Table I in Ref. 28; these show indeed an effect in the
expected directione=a flat distribution of sizes; but this is the result of
atmospheric ablation and, when the latter is allowed for, the effect disappears).

Although, on our model, about 88% of the helium produced radicactively in-
gide the minerals of these hypersthenes is likely to diffuse away, some heating
igs necessarily required for the process. For this, the fragments, in their
orbital revolution, must have come sufficiently near the sun, during their cosmis-
ray and erosion-limited exposure lifetimes of 0.03-60 million years (Ref. 28),
being heated and reheated in repeated perihelion passages.

The sungrazing family of comets (ng, 31) shows that such cometary objects
with small perihelion distances may be quite common. Seven members of this
family have been observed between 1843 and 1965, their nuclei ranging in size
from 8 to 58 km. The dispersion in their orbital elements points to a tidal
breakup in perihelion about 130,000 years ago of a nucleus 110-120 km in diameter,

of a mass of the order of 5 10 Encke's comets. At a perhelion distance of
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0.006 s.u. and a period of revolution around 1000 years, the evaporation ages
amount to LwE‘x,lO5 years, indicating a considerable decrease in size of the
nuclel since the original breakup. Also, during perihelion passage, the black
body equilibrium temperature of a solid could reach several thousand degrees.
If a similar or larger nucleus ( AW 500 km)(or nuclei) was (were) directed by
stellar perturbations and by Jupiter many million years ago into a near sun-
grazing orbit, the meteorites shed by it during some lO?~106 years of 1its exis-’
tence as a live comet could have been thoroughly heated in repeated perihelion
passages and thus lost the less firmly held 88% of the helium, retaining the
12% fraction. The hypersthenes most probably are remnants of such a comet or

comets. Subsequently the orbits of the meteorites must have been completely

changed by planetary perturbations and dispersed all over the solar system.

10. The Dual Origin of Meteorites

In the preceding, & strong case has been made for an immediate cometary ori-
gin of the meteorites. Erosion precludes the survival of meter size stony meteo-
rites for longer than abouf 3 )(.]_O7 years, and, while the cosmic ray exposure
ages are of the same order or shorter, their upper limit is accounted for by
erosion, Hence the meteorites must have been released from & protective
envelope quite recently. This envelope we propose now to identify as a comet
nucleus, disintegrating along with the evaporation of its ices. Some very short
exposure ages determined by Anders (Ref. 32) of the order of 107 years, and even
30,000 years (black hypersthene chondrite Farmington, Ref. 28), are easily under-
standable from this standpoint, while the asteroidal collision theory, in addi-
tion to all the orbital and other difficulties enumerated above, would also re-
guire a miraculously high collision rate to account for such objects. This is
especially clearly brought out by the distribution of the radiation (cosmis-ray

exposure) ages of the hypersthenes as shown in Table 8 (from Fig. 13 in Ref. 28).
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Table 8. Radiation Ages of Hypersthene Chondrites

Age,
10 years 0-5 5-10 10-15 15-20 20-25 25-30 30-35  35-40  L40-L45 45-50 A1l

Number
Noxrmal
Chondrites 17 13 20 10 18 8 8 6 1 1 102
Black
Chondrites 3 5 2 1 L 1 1 1 1 L 20
All
Hypersthenes 20 18 22 11 22 9 9 7 2 2 122

The black hypersthenes are those appearing to be severly shocked (Anders,
Ref. 26), but the distribution of their radiation ages does not seem to be dif-
ferent from the rest, implying a "washed-out” but apparently uniform distribution
of the "collision events" during the past 25 million years. While collisions at
such a rate appear to be unacceptable, a release from Jjust as many disintegrating
comet nuclel is the most natural explanation.

On the other hand, all the structural properties of meteorites point to their
origin inside asteroidal or sub-lunar size bodies whence they must have been re-
leased through catastrophic collisions (cf. Ref. 18, et alias). However, these
events must be relegated to the dawn of the solar system when the giant planets
were formed. At this time little planets were coming into existence out of the
pre-planetary nebula, to be broken up again in mutual collisions. Some of the
fragments were again imbedded in the ices of comet nuclei (which were probably
the most common kind of the "planetesimals" ). These were mostly absorbed by the
planets, but some were ejected to Oort's sphere of the comets. This sphere, by
way of stellar perturbations, continually supplies the inner solar system with
newcomers == fresh comets. The mechanism of planetary accretion during the early
stages of the solar system, accompanied by an acceleration and ejection of some
of the residual debris to the extreme boundaries of the solar system, has been

analysed elsewhere (Ref. 4); it works so smoothly, chiefly on account of a
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gradual acceleration in distant encounters with the planet, that few objects are
overshot into interstellar space, while most settle in Oort's sphere, at th-'--lO5
astronomical units, being "stabilized' there by perturbations from passing stars.
Also, the ejection begins only when the planet (Jupiter) has been almost com-
pletely formed, otherwise the material in the "nebular" ring (partly solid debris,
partly gas) is so dense as to damp the acceleration and to force all the objects

into near-circular orbits.

vaduvtﬂbigé 4,/4adzgqmwl7
Apil 1963



(2)

(3)

(5)

(6)

(7)

(8)

(10)

(11)

(12)

(13)
(1)

_35-

References
nelSlenlte
——

1"
E.J. Opik, "Collision Probabilities with the Planets", Proc. Roy. Irish Acad.,
54, pp. 165-199, 1951; Armagh Obs. Contrib. No, 6.

E.J. Opik, "The Survival of Stray Bodies in the Solar System”, Ann. Acad.
Sci. Fennicae, A-[ , 61, pp. 185-195; Armagh Obs. Contrib, No. 3h),¢35/‘

11
E.J. Opik,"Survival of Comet Nuclei and the Asteroids" ,Advances in Astronomy
and Astrophysics, 2, pp. 219-262, 1963,

1"
E.J. Opik, "The Dynamical Aspects of the Origin of Comets” and "Comet Nucleil
as the Principal Source of Meteorites", Mém. Soc. Roy. Sc. Lleg_A(Sw» Vol.
XII (Fasc. Uni "), pp. 523-580, 1966; Armagh Obs. Contrib. No. 5k, Likge
Symposium on The Orlgln of Comets, July 5-7, 1965.

E.J. Opik, "Theory of Formation of Meteor Craters", Acta et Comm. Univ,
Tartu, A30, 1936; Tartu Obs. Publ. 28, No. 6, 1936,

A2l
E.J. Opik, "Meteor Impact on Solid Surface" and "On the Catastrophic Effects
of Collisions with Celestial Bodies", Irish Astron. J., 5, pp. 14-36, 1958;
Armagh Obs. Contrib. No. 2k,

E.dJ. Opik "Notes on the Theory of Impact Craters", Proc. Cratering Symposium,
Washington, D.C., Paper §, 28 Pp., 1961l: Lawrence Radiation Lab., Livermore,
California.

"
E.J. Opik, "Cratering and the Lunar Surface", monographic study, M.S. 280
+ pp., 1968, to be published.

J.R. Arnold, "The Origin of Meteorites as Small B dies", %21n "Tsotopic and
Cosmic Chemistry" (H. Craig et al., Eds), pp. 347-364, North-Holland Publ,
Co., Amsterdam 196k4; II and I1L, Astrophys J., 141, pp. 1536=1556, 1965.

E.J. Opik "The Cometary Origin of Meteorites", Advances in Astronomy and
Astrophysics, 4, pp. 301-33%6, 1965.

E.J, Opik, "Photometry, Dimensions, and Ablation Rate of Comets", Irish Astron.
J., 6, pp. 93-112, 1963%; Armagh Obs. Contrib. No. L2.

"
E.J. Opik, "Notes on Cometary Physics", Irish Astron. J., 7, pp. 31=46, 1965;
Armagh Obs. Contrib. No. 50.

B.G. Smith, J. Geophys. Research, 72, pp. 1398-1399, 1967.

B.W. Hapke, "On the Particle Distribution of Lunar Soil", Planetary Space
Sci., 16, pp. 101-110, 1968.




- 36 -

(15) B.G. Marsden, I. A. U. Circular No. 2012, 1967.

(16) R.E. McCrosky and A. Posen, Smithsonian Contrib. to Astrophysics, b,
pp. 15-84, 1961.

(17) W.H. Ramsey, Monthly Npot. Roy. Astron. Soc., 110, p. 325, 1950, et alias;
Irish Astron J., 1, p. 185, 1951.

\i
(18) E.J. Opik, "The Origin of Meteorites and the Constitution of the Terrestrial
Planets", Irish Astron. J., 3%, pp. 206-225, 1955; Armagh Obs. Leaflet No. 39,
2

(19) F.L. Whipple, "On the Structure of the Comet Nucleus", in The Solar System IV,
pp. 639-67%; Barbara M. Middlehurst and G.P. Kuiper, Eds.; Chicago University
Press, 1963.

(20) P.M. Millman and D.W.R. McKinley, "Meteors", ibidem pp. 67hk-773; 1963.

it
(21) E.J. Opik, "Tables of Meteor Luminosities' Irish Astron. J., 6, pp. 3-11,
196%; Armagh Obs. Contrib. No. 38.

(22) E.J. Opik, "The Spike of Comet Arend-Roland 1956}", Irish Astron. J., 5,
Pp. 37-50, 1958; Armagh Obs. Contrib. No. 27.

(23) L.G. Jacchia, "Meteors, Meteorites, and Comets; Interrelations", "~ ¢ -1 (Rbijﬁ>
pp. TTH-778, 1963. -

of Comet Orbits", (:Tﬁgf i?}u Bystem TV,

1963.

(24) J.G. Porter, "The St
PP. 550—57%) B

caps Tniv. Dreas

(25) F.L. Whipple, "A Comet Model. II", Astrophys. J., 113, pp. Loh-L7h, 1951.

(26) E. Anders, "Origin, Age, and Composition of Meteorites", Space Sci. Rev., 3,
pp. 583-T1k, 196k4; cf. also "Meteorite Ages", in The Solar System IV, pp. LO2-
495, Chicago Univ. Press, 1963,

(27) J.A. Wood, "Chondrites; Their Metallic Minerals, Thermal Histories, and
Parent Planets", Icarus, 6, pp. 1-49, 1967.

(28) Dieter Heymann, "On the Origin of Hypersthene Chondrites: Ages and Shock
Effects of Black Chondrites", Icarus, 6, pp. 189-221, 1967.

"
(29) E.J. Opik, "Physics of Meteor Flight in the Atmosphere", pp. 174, Interscience
Publishers, New York, 1958.

1"
(30) K. Fredriksson, P. De Carli, and A. Aaramae, "Shock-Induced Veins in Chondrites",
Proceed. Intern. Space Sci. Symp. 3rd, p. 67h; North-Holland Publ., Amsterdam,
1963,

) ET. OFtK "Sum- d’me‘Emil Mﬁwzaffan" Qg Astm ) ., /ap.lll/—lél)I%//‘Amﬁ%_ mtih. Mo, 54

€34) EAndens,” Tico piont T voiths Unasssally Shont Cosmie-Toy Erppossne Ay Science Ny -
33,0942,




